In this study, we have designed and realized three simple electrochemical bioassays for the detection of the human epidermal growth factor receptor 2 (HER2) cancer biomarker using magnetic beads coupling screen-printed arrays. The different approaches were based on a sandwich format in which affibody (Af) or antibody (Ab) molecules were coupled respectively to streptavidin or protein A-modified magnetic beads. The bioreceptor-modified beads were used to capture the HER2 protein from the sample and sandwich assay was performed by adding the labeled secondary affibody or the antibody. An enzyme-amplified detection scheme based on the coupling of secondary biotinylated bioreceptor with streptavidin-alkaline phosphatase enzyme conjugate was then applied. The enzyme catalyzed the hydrolysis of the electro-inactive 1-naphthyl-phosphate to the electro-active 1-naphthol, which was detected by means of differential pulse voltammetry (DPV). Each developed assay has been studied and optimized. Furthermore, a thorough comparison of the analytical performances of developed assays was performed. Finally, preliminary experiments using serum samples spiked with HER2 protein were also carried out.
Introduction
One of the biggest factors associated with successful treatment outcome is the early detection of cancer [1] . Unfortunately, for many types of cancers, the first outward symptoms appear late in disease progression; therefore, cancer biomarker detection in biological fluids including serum, sputum and urine has an important role in early cancer detection [2, 3] . The human epidermal growth factor receptor 2 (HER2) protein is a member of the epidermal growth factor receptor (EGFR or ErbB) family and is a trans-membrane tyrosine kinase receptor [4] . The level of HER2 in serum has a direct relationship with the risk of diseases such as ovarian, lung, gastric and oral cancers [5, 6] . The extracellular domain (ECD) of cleaved HER2 protein enters into the serum, serving as an indicator of increased HER2 expression [4, 7] . The HER2 concentration in the serum of breast cancer patients is 15-75 ng/mL, which is elevated when compared to that of normal individuals (2-15 ng/mL) [8] . Monitoring the level of HER2 protein could also be a good indicator of antitumor treatment efficiency [9] . Fluorescence in situ hybridization (FISH) and immunohistochemistry (IHC) are the most commonly used methods for HER2 analysis. Both procedures are complex, involve time-consuming steps and require specially trained personnel to carry them out. Therefore, several new methods are reported for HER2 detection in biological fluids [10] [11] [12] [13] .
Immunosensors are important analytical tools designed to detect the binding event between the antibody and antigen without the need for separation and washing steps [4] . The most common types of immunosensors are found in electrochemical [7, [14] [15] [16] [17] [18] [19] [20] [21] , optical [22, 23] , and gravimetric [24] sensors. It is well known that electrochemical detection methods have been able to sensitively and quickly detect biomolecule targets with high selectivity [25] [26] [27] .
Recently, instead of antibodies (Abs), affibodies (Afs) have been used as new bioreceptors in novel immunosensors for improving the selectivity and sensitivity of the assay [28, 29] . Affibody molecules are engineered small proteins with 58 amino acid residues (≈7 kDa) based on a single polypeptide and 3 R-helical bundle structure (the smallest and fastest known cooperatively folding structural domain), as derived from one of the Immunoglobulin G (IgG) binding domains of Staphylococcal protein A [30] . They have high affinity and selectivity for a wide variety of applications such as detection reagents [31] and inhibit receptor interactions [32] .
Recently, there has been a focus on how apply the magnetic beads (MBs) coated with proteins, polymers or other molecules in different fields of biochemical science [33, 34] . The protein-coated MBs have shown a variety of applications in immunosensors because of their high, specific affinity to biomolecules, possibility for solution-phase bio-recognition reaction, and easy washing and collection [35, 36] . The protein A-coated magnetic beads can be used to immuno-precipitate target proteins from crude cell lysates using selected primary Abs. In addition, specific Abs can be chemically cross-linked to the protein A-coated surface to create reusable immuno-precipitation beads, thus avoiding the co-elution of antibodies with target antigens [37] . The streptavidin-coated magnetic beads (Strept-MBs) provide a fast and convenient method for manual or automated immuno-precipitation, protein interaction studies, DNA-protein pull downs and the purification of biotinylated proteins and nucleic acids. They use a recombinant form of streptavidin with a mass of 53 kDa and a neutral isoelectric point [38] . Streptavidin is covalently coupled to the surface of the MBs. For each streptavidin molecule on the bead surface, there are four biotin-binding available sites. Unlike avidin, streptavidin has no carbohydrate groups, resulting in low nonspecific binding. Furthermore, the MBs exhibit low nonspecific binding in the presence of complex biological samples such as blood serum and whole cells [39] .
In this study, different protocols using antibody (Ab) and affibody (Af) as capture and signaling bioreceptor were applied to disposable electrochemical immunosensors based on the sandwich assay for HER2 detection. The first protocol relies on immobilization of the antibody on the magnetic beads coated with protein A (Prot A-MBs) as capture bioreceptor and the use of the biotinylated affibody as a signaling bioreceptor. The second protocol relies of the use of biotinylated affibody as a capture bioreceptor and biotinylated antibody as a signaling bioreceptor. The last protocol relies on immobilization of the biotinylated affibody on the magnetic beads coated with streptavidin (Strept-MBs) as capture bioreceptors and the use of secondary biotinylated affibody as signaling bioreceptor as well. An enzyme-amplified detection scheme based on the coupling of secondary biotinylated bioreceptors with streptavidin-alkaline phosphatase conjugates was then applied. The enzyme catalyzed the hydrolysis of the electroinactive 1-naphthyl-phosphate to 1-naphthol; this product is electroactive and is detected by means of differential pulse voltammetry (DPV). Moreover, we have evaluated potential application of the bioassays for serum sample analysis. In all approaches, eight screen-printed electrochemical cells are used as transducers.
Materials and Methods

Chemicals and Reagents
Dynabeads ® paramagnetic beads, coated with protein A (ProtA-MBs) and with streptavidin (Strept-MBs) were provided by Invitrogen (Milan, Italy). The monoclonal anti-human HER2 antibody (Ab1), the biotinylated anti-human HER2 antibody (Biot-Ab2) and the HER2 protein (R&D Systems) were obtained from Space SRL (Milan, Italy). Biotinylated anti-HER2 affibody molecules were purchased from Abcam (Cambridge, UK). Sodium phosphate dibasic dihydrate and sodium phosphate monobasic monohydrate were purchased from Merck (Milan, Italy). Sodium chloride, Trizma base, diethanolamine, magnesium chloride, potassium chloride, polyoxyethylene sorbitan monolaurate (Tween 20), 1-naphtyl phosphate, bovine serum albumin (BSA), streptavidin-alkaline phosphatase (S-AP) and human serum sample were obtained from Sigma (Milan, Italy). All solutions were prepared using water from a Milli-Q Water Purification System (Millipore, UK).
All the buffers used in this study are as follows: 
Apparatus
Electrochemical measurements were performed using Palmsens Electrochemical Interface system (Palm Instruments BV, Houten, The Netherlands). The transducer was composed of eight screen-printed electrochemical cells, each one composed of a graphite working electrode (diameter = 2.0 mm), a silver pseudo-reference electrode and a graphite counter electrode. The arrays were produced in house by a DEK 248 screen-printing machine (DEK, Weymouth, UK). In order to use sensor array in combination with the magnetic beads, each array was placed on a suitable holding block mounting eight magnet bars of 1.5 mm diameter. The eight sensors strips, coupled with a specially designed methacrylate well box, were compatible with a standard 8-channel multi pipette. A sample mixer with a 12-tube mixing wheel and the magnet rack were purchased from Dynal Biotech (Milan, Italy).
Development of Affibody-Based Assay
The schematic representation of dual affibody sandwich assay for HER2 detection is reported in Scheme 1. 
Apparatus
Development of Affibody-Based Assay
The schematic representation of dual affibody sandwich assay for HER2 detection is reported in Scheme 1. Scheme 1. Schematic representation affibody-based assay for human epidermal growth factor receptor 2 (HER2) detection: (a) functionalization of streptavidin-modified magnetic beads with the biotinylated affibody; (b) blocking step with biotin; (c) affinity reaction with HER2 protein; (d) incubation with the secondary biotinylated affibody; (e) addition of streptavidin-alkaline phosphatase enzyme. Electrochemical measurements were then performed in accordance with Section 2.3.5.
Immobilization of the Biotinylated Affibody
The streptavidin-modified magnetic beads (Strept-MB) were firstly washed with buffer A (added with 0.005% Tween 20) three times and, after the removal of the supernatant with the help Scheme 1. Schematic representation affibody-based assay for human epidermal growth factor receptor 2 (HER2) detection: (a) functionalization of streptavidin-modified magnetic beads with the biotinylated affibody; (b) blocking step with biotin; (c) affinity reaction with HER2 protein; (d) incubation with the secondary biotinylated affibody; (e) addition of streptavidin-alkaline phosphatase enzyme. Electrochemical measurements were then performed in accordance with Section 2.3.5.
The streptavidin-modified magnetic beads (Strept-MB) were firstly washed with buffer A (added with 0.005% Tween 20) three times and, after the removal of the supernatant with the help of a magnetic rack, re-suspended in 100 µL of buffer A added with Tween 20. Then, 400 µL of 5 µg/mL of the biotinylated affibody (Biot-Af) in buffer A was added to the beads suspension and left to incubate overnight.
Blocking Step
The affibody-modified beads (Strept-MB/Af) were washed and streptavidin free-sites were blocked by the addition of 1 mM biotin (prepared in buffer B containing 1% w/v BSA) for 90 min. After three washing steps in buffer D (containing Tween 20), the beads were stocked in buffer D at 4 • C for at least one week.
Reaction with HER2 Protein
To perform the calibration curve, 50 µL of the modified beads were incubated with 200 µL of HER2 protein at different concentrations prepared in buffer D for 20 min at room temperature. Three washing steps in buffer B-added Tween 20 were then performed.
In order to evaluate the selectivity of the developed assays, 5, 10 and 20 ng/mL of vascular endothelial growth factor (VEGF) protein, prepared in buffer D, were incubated instead of HER2 with the modified beads.
Binding with the Biotinylated Affibody and Streptavidin-Alkaline Phosphatase Enzyme
Firstly, 250 µL of 5 µg/mL biotinylated affibody, as signaling bioreceptor, prepared in buffer B were incubated with the HER2-modified beads for 45 min at room temperature. Subsequently, three washing steps in buffer C added with Tween 20 were performed.
Finally, the beads were incubated with 500 µL of streptavidin-alkaline phosphatase (3.9 U/mL) prepared in buffer C added with 0.1% w/v BSA for 10 min at room temperature, followed by three washing steps with buffer C added with Tween 20.
After the removal of the supernatant, the beads were re-suspended in 50 µL of buffer C.
Electrochemical Measurements
For the electrochemical measurements, 4 µL of the MB suspension was placed onto each working electrode of the eight screen-printed electrochemical cells and fixed in position through the help of a home-made magnet-holding block. Each well of the arrays was then filled with 60 µL of a solution containing 1 mg/mL of 1-naphthyl phosphate enzyme substrate prepared in buffer C.
After 6 min of incubation, DPV measurements were performed at room temperature using the following parameters: potential range from −0.05 to 0.6 V, step potential 7 mV, modulation amplitude 70 mV, interval time of 0.1 s. The current peak height was taken as the analytical signal.
Each measurement was repeated at least 10 times using different screen-printed arrays. Percentage Relative Standard Deviation (%RSD) values were calculated as measure of inter-assay reproducibility.
Development of Antibody/Affibody Based Assay
The scheme of antibody/affibody-based bioassay is illustrated in the Supplementary Materials ( Figure S6 ).
Immobilization of the Antibody
Firstly, the protein A-modified magnetic beads (ProtA-MB) were washed with buffer A (added with 0.005% Tween 20) three times and, after the removal of the supernatant with the help of a magnetic rack, re-suspended in 100 µL of buffer A added with Tween 20. Then, 400 µL of 50 µg/mL of the antibody (Ab) in buffer A were added to the beads suspension and left to incubate for 45 min. The following steps were carried out as reported in the previous sections. Reaction with HER2 protein and evaluation of non-specific interaction with VEGF were carried out in accordance with Section 2.3.3.
The reaction with biotinylated affibody and labeling with streptavidin-alkaline phosphatase were carried out in accordance with Section 2.3.4.
Electrochemical measurements were then performed as reported in Section 2.3.5.
Development of Affibody/Antibody-Based Assay
The scheme of antibody/affibody based bioassay is illustrated in supplementary information ( Figure S7 ).
Streptavidin-modified magnetic beads were functionalized with the biotinylated affibody and blocked with biotin in accordance with Sections 2.3.1 and 2.3.2. Furthermore, HER2 affinity reaction and non-specific test with VEGF protein were performed in accordance with Section 2.3.3.
Binding with Biotinylated Antibody and Streptavidin-Alkaline Phosphatase Enzyme
Firstly, 250 µL of 1 µg/mL secondary biotinylated antibody (Biot-Ab2), as signaling bioreceptor, prepared in buffer B, were incubated with the HER2-modified beads for 60 min at room temperature. Subsequently, three washing steps in buffer C added with Tween 20 were performed.
Finally, the beads were incubated with 500 µL of streptavidin-alkaline phosphatase enzyme (3.9 U/mL) prepared in buffer C added with 0.1% w/v BSA for 10 min at room temperature, followed by three washing steps with buffer C added with Tween 20.
Electrochemical measurements were then performed in accordance with Section 2.3.5.
Analysis of Serum Samples
The human serum samples were filtered (Filtropur S, diameter of filter pores 0.2 µM), diluted 1:2 with buffer D and spiked with HER2 protein solution (range of concentration 0-20 ng/mL). Then, 50 µL of the affibody-modified bead suspension was incubated with 200 µL of HER2 serum samples and the experiments were carried out as reported in Sections 2.3.4 and 2.3.5.
Results and Discussion
As mentioned before, in this study, different protocols using antibody (Ab) and affibody (Af) as capture and signaling bioreceptors were both applied to disposable electrochemical immunosensors based on the sandwich assay for HER2 detection. To achieve the best conditions, key parameters that affect the read-out response of each assay were studied and optimized. The optimization parameters of the developed assays are reported in the Supplementary Materials. In the following section, the studies of affibody-based assay are focused on and reported.
Optimization of Experimental Parameters
The optimization of the experimental parameters in the case of dual affibody sandwich assay was performed in order to find the best conditions for HER2 binding and detection. The suitable experimental conditions were chosen in accordance with the current difference value (∆I) obtained in the presence of 10 ng/mL HER2 (I HER2 ) and the blank (0 ng/mL HER2, I Blank ), and the percentage Relative Standard Deviation (%RSD) values (Table 1) .
Firstly, the concentration and the incubation time of the biotinylated affibody (Biot-Af) on the surface of the streptavidin-modified magnetic beads (Strept-MBs) were optimized (Table 1, assay step a). In particular, 1, 5 and 10 µg/mL of biotinylated-affibody solutions (prepared in buffer A) were incubated with the Strept-MB, followed by blocking step with biotin, affinity reaction with HER2 protein and incubation with secondary biotinylated affibody labeled with streptavidin-AP.
The Biot-Af concentration of 1.0 µg/mL was not sufficient to bind the HER2, while a similar current difference was observed using an affibody concentration of 5.0 and 10 µg/mL (∆I Af. 5 µg/mL = 3.3 µA; ∆I Af. 10 µg/mL = 3.2 µA). Thus, the concentration of Biot-Af of 5.0 µg/mL was selected for the further experiments. Table 1 . Experimental parameters optimization for affibody-based sandwich assay. Current difference (∆I = I HER2 -I Blank ) represents the difference between the current obtained using 10 ng/mL (I HER2 ) and 0 ng/mL (I Blank ) HER2 buffered solutions. The letters of assay step column are in accordance with Scheme 1. Percentage Relative Standard Deviation (%RSD) values were calculated using at least 10 measurements obtained by different screen-printed arrays.
Assay
Step The incubation time of the primary Biot-Af with the streptavidin was also evaluated. The Biot-Af was left to incubate for 120, 240 min and overnight (o.n.) with the Strept-MBs. The best incubation time was found to be overnight probably due to the complete coverage of the surface of magnetic beads which ensures a higher recognition of the target protein (Table 1 , assay step a). After the functionalization of the Strept-MBs with the Biot-Af, the conjugates were blocked with various blocking agents (1.0 mM Biotin solution containing 1% w/v BSA, BSA 1% and milk powder 5% for different incubation times: 30, 60 and 90 min). The best blocking step in terms of sensitivity and reproducibility (n = 10) was performed using 1 mM biotin containing 1% w/v BSA for 90 min (in accordance with ref. [40] ) as reported in Table 1 , assay step b and in Supplementary Materials Section 1.
The incubation time of the affinity reaction with the HER2 protein was also optimized. As can be observed in Table 1 (assay step c), 10 min as incubation time seems insufficient to bind the whole amount of the protein, while similar values in current difference were obtained using 20 or 60 min (∆I 45 min. = 3.3 µA; ∆I 60 min. = 3.0 µA). The best results, in terms of signal-to-noise ratio and reproducibility (%RSD = 7, n = 10), were obtained for an incubation time of 20 min which was selected as optimal. Finally, the concentration and the incubation time of the Biot-Af, used as secondary biotinylated bioreceptor, was evaluated (Table 1, assay step d) . Particularly, the current difference using a concentration of 5.0 µg/mL is considerably higher than that at 1.0 µg/mL, whereas similar behavior was obtained using an affibody concentration of 10 µg/mL. With respect to the Biot-Af incubation time, 45 min was found as optimal both in terms of current difference and of %RSD.
Sensitivity and Reproducibility
Using the optimized conditions, the calibration curves for the quantification of HER2 in the case of all assays were obtained ( Figure 1A ) and the related DPV scans were plotted in Figure 1B . A linear response in the range of HER2 0-20 ng/mL was obtained for affibody/affibody (Af/Af: y = 0.33x, coefficient of determination (R 2 ) = 0.997), affibody/antibody (Af/Ab: y = 0.23x, R 2 = 0.993) and for antibody/affibody (Ab/Af: y = 0.21x, R 2 = 0.98) sandwich assays with limit of detection (LOD), calculated as 3 times standard deviation of blank divided the slope of calibration curve (3S Blank /Slope) of 1.8, 2.6 and 3.4 ng/mL respectively. Reproducibility of the proposed assays were also evaluated using at least 10 measurements performed on different screen-printed arrays. Results showed a mean %RSD value of 7 for Af/Af assay, 10 for Af/Ab assay and 11 for Ab/Af assay. Taking in consideration both the LOD and the %RSD, the Af/Af assay showed better performance in comparison with Af/Ab and Ab/Af mixed sandwich assays (and also with respect to the previous dual antibody-based sandwich assay reported in literature [19] ) for HER2 determination (whose cut-off in serum sample was set to 15 ng/mL).
Furthermore, the selectivity of the developed assays was also verified using 5, 10 and 20 ng/mL of the vascular endothelial growth factor (VEGF) protein, involved in the metastatic process of breast cancer [41] , as a nonspecific molecule. No significant variation respect to the signal of the blank was found, confirming the high specificity of the affibody bioreceptors for the detection of the HER2 cancer protein ( Figure 1A, inset) .
The affibody-based assay was thus selected to evaluate the possibility of detecting the HER2 protein in serum samples. secondary biotinylated bioreceptor, was evaluated (Table 1, assay step d) . Particularly, the current difference using a concentration of 5.0 μg/mL is considerably higher than that at 1.0 μg/mL, whereas similar behavior was obtained using an affibody concentration of 10 μg/mL. With respect to the Biot-Af incubation time, 45 min was found as optimal both in terms of current difference and of %RSD.
Using the optimized conditions, the calibration curves for the quantification of HER2 in the case of all assays were obtained ( Figure 1A ) and the related DPV scans were plotted in Figure 1B . A linear response in the range of HER2 0-20 ng/mL was obtained for affibody/affibody (Af/Af: y = 0.33x, coefficient of determination (R 2 ) = 0.997), affibody/antibody (Af/Ab: y = 0.23x, R 2 = 0.993) and for antibody/affibody (Ab/Af: y = 0.21x, R 2 = 0.98) sandwich assays with limit of detection (LOD), calculated as 3 times standard deviation of blank divided the slope of calibration curve (3SBlank/Slope) of 1.8, 2.6 and 3.4 ng/mL respectively. Reproducibility of the proposed assays were also evaluated using at least 10 measurements performed on different screen-printed arrays. Results showed a mean %RSD value of 7 for Af/Af assay, 10 for Af/Ab assay and 11 for Ab/Af assay. Taking in consideration both the LOD and the %RSD, the Af/Af assay showed better performance in comparison with Af/Ab and Ab/Af mixed sandwich assays (and also with respect to the previous dual antibody-based sandwich assay reported in literature [19] ) for HER2 determination (whose cut-off in serum sample was set to 15 ng/mL).
The affibody-based assay was thus selected to evaluate the possibility of detecting the HER2 protein in serum samples. Electrochemical measurements were performed in accordance with Section 2.3.5. Each measurement was repeated at least 10 times using different screen-printed sensors.
Analysis of Serum Samples
Once the suitability of the dual affibody-based assay to detection of HER2 standard solutions was verified, experiments with HER2 fortified serum samples were carried. Batches of a non-pathologic serum AB group from females were filtered, diluted 1:2 in buffer D and spiked with Electrochemical measurements were performed in accordance with Section 2.3.5. Each measurement was repeated at least 10 times using different screen-printed sensors.
Once the suitability of the dual affibody-based assay to detection of HER2 standard solutions was verified, experiments with HER2 fortified serum samples were carried. Batches of a non-pathologic serum AB group from females were filtered, diluted 1:2 in buffer D and spiked with HER2 protein in order to have four different final concentrations in the range of 5-20 ng/mL. Results are summarized in Table 2 . Good recovery and difference between the average of measurements made on the same sample and its true value (bias values) (respectively in the range between 95%-110% and −5%-10%) were obtained. Furthermore, the mean %RSD, calculated using at least 10 measurements obtained using different screen-printed arrays, was 13%. These results confirm the suitability of the use of the proposed magnetic beads-based affibody assay for real sample analysis.
Conclusions
The potential of affibodies as bioreceptors in sandwich assay has been investigated by the optimization and the application of three strategies for the detection of HER2 protein. The best results were obtained by the use of affibody as both a capture and signaling bioreceptor. This biosensor showed the best sensitivity and detection limit and a good linear range in HER2-buffered solutions and serum samples. With this comparison, the importance of a deep study on the different analytical approaches for HER2 detection to obtain the performance of the best assay configurations has been demonstrated. Our results open up the way for the development of a new generation of biosensors for highly sensitive detection in a variety of analyses. Table S1 : Experimental parameters optimization for antibody/affibody assay; Table S2 : Experimental parameters optimization for affibody/antibody assay.
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